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e hndved yoars of existonse of the Shaffield Selentifie
Ssheol of Tale University hewe vitnessed the tramsition of chemistyy
from an sssentially espirical and desoripiive gssisnes to a lavrgely
exzact and thesretian) one. Une hundred years age She properties of
nany chemnisal substances had Yeen investigated, the differenmce detwesn
elomsats and esapommis had Deea recegaised, asalyticsl chexistyy had
boon dovelepsd %0 sush am oxient as 40 Lo a reliadle te¢l, many methods
of syathesis of imerganic and organie substances had heen discovered,
sd the foundations had bdesn laid for an extensive chemiocal industyy.

However, at that time, im 1847, the correct atemic weighis of the

elemsnts hsd not yet deen ganerally ascepted, so that the forsula of
water vas still wristen ae HO by meny chenista. The idea of valenss
had not yet Deen fermmlated--{t wvas not until five years later that



-2

the statement vas Firet mads (by ¥. Prankland in Mngland ) that atoms
have a dsfinite ssmbining pewver, vhich determines the formalas of com
pounds. The first strustural formulas for moleoules were not drawm
wntil 18358, when Archibald 3. Couper imtreduced the idsa of the valenes
Bend; 1n the dams yesr August Kekule, in Germeny, showed that sarbem
is quadrivalent. During the next half mﬁ%w vory rapidly,
%0 decome the great scisnce--and powerful ars--that {4 nov is.

Bere in Nov Haven, whers Josish Willard 0130s was dera, studied,
worked, and died, I mfrflutnh the progress of chemical science
4uring the past 100 years Jewt W discussing chemical thermedynamies,
the field of science that, ia the werds o¢f Wilhelm Ostwald, was
founded by Oibbe. In LNT J. Willard 040bs was & bey ofhs yeaye: odd.
The first lav of thermedynsmics--ths law ¢f comservasion of energy--
hai 2ot yot deen accepted by physicists, although Joule had recently
made his determination of the mechanisal equivalent of hest. It was
2ot wmtil a year later, ia 184S, thet Eerman Helmbolss recognised SR
the importance of Joule's werk and fellewed ite implieations Shrough
various predlems in chemistry, physics, and biclogy. The second law
of thermodynmsies hat Besn formulated by 5. Carmet, im 1824, dut 1t vas
not unatil 1851 that Xerd Kelviz and Olausivg somdimed 1t with the firet
lavy to produce the preseat science of thermodynamios, in its application
to physical phonemena. Then in the peried detwesn 1873 and 1378
Villard B1%hs pudlished his great papers dealing with the spplisation of
thermodynamios %o chemieal phenemena. Gidds' werk put the ssiencs of
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shenisal thermedynamics in nearly its final ferm; only ons more great
diseovery remainsd to %o made--that of the third law of thermedynsmios,
Wy ¥ . Jernst at the bagiaaing of the tweatieth ssntwry.

ist ws esnirasi the knovliedgs adout a shemical resction mveil-
able in 1847 with that in 194T. In 1647 a vesstion invelviag the com-
versien of certain resciant substances {ate certain preducts, such as
Miregen and hyiregen iate ssmonia, could de dissussed enly to the extent
that divest experimsntal information obdsained bWy odserving the reastion
1%00l1f vas at hand. Only 1f the reactants Mad astually Beea adserved o
condins 30 form the produsts ceuld it de sald %0 de 2 possidle chemical
yhastion. The smewnt of haat evolved or adsoried dwring the resciion
vould have Yeen knewvn anly if the reastion had astually taken plase,
snd the heat evelwmtion or abgerpiien Rad desn measured. The guestion of
iacreassing the yisld of Ahe preduct ceuld not have Yeen diseussed at all--
shere was 1o knaviedge as Yo wvhether insreasing the Vesperature, incressing
the pressure, or making other chamges in the Puim would incresss or de-
crease the smouns of produet obiaimed. Ia 1947 i is pessidle, frem
knoviedge of the Whermofynsmio proyerties of the reastant substances and
the products, to predust, for a reaction that has never besn odserved to
ooour, mesthf 1ty Luportent sharssterisiice--the amsunt of heat that
would bBe evelved or absorbed vhen the resction takes place, and the ex~
ant f;n%‘cqt would Sake plase, in its depsndence on Smmpsraturs, Pressure,
coneantrations of the resctants, asd other faotors. There still resains,
however, ome moast important question to which a definite anewer camnot
in general be given. This 1s the question as %0 the rate at vhioh the

reaction will take plaoce mnder given olrcunstanses. We are not yet able
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10 meke predietions adeus this rate of reastion, exespt for certain
sinple systens. The Tisld of chenioal thevwedymamiss is in mearly ite
final state of developaemt; the fisld of chamiesl kineties 10 just
Yogianing to o doveleped.

thonical \hevmodynanies, like nearly svery ether field of
chenistry, has Yoem influsnsed Yy the grest pregress thet has Sakea
Plass in extending our knovledge of atomie and melesular strusture during
the pass fov dscelen. The elestren iteelf was discovered in 1897, sad the
atonic mslews in 1811; sinse then a pensirvating smd detaided undarstanding
of the elecirenis mnd atonic strusture of matier hes been odtained, and
cheniste are nov sbls to talk sbout the atonic and electronic architesture
of moleowles and erystals almost as @ nfideatly as architests can Salk
about the structural slemente of skyserspers and Wridges. N he metdodsS

of wpectiressepy, »ray &i1¥rastion, and slectiron Aiffrastion W

interstonic distances have beent determined for Shousands of subatances.
The nmagnitudes of the foress operating Wetween tha atoms have alse bewen
dsterained experimentally for very many molsoulss and orystals. Farther
information about the nature of substances has been sdtainsd by the
spplication of maxy different teshuiques of modewa physies~-the study ef
the diamagnetic, paramagnetic, and ferremagnetic propsriies of the substances,
Abeir electrical preperites, the speciroscopy mot only of the ¥WisiMla,
infrared, x-yay, sand ulirariolet regions bul sven, in recsat years, of the
nicrowave and long weve radic regions of the spectram. The struodural
knowledge obtained in this way about molecules permits the calculation
of thermedynamic propersieos for many substances.

A signifieant start has alrealy deen nade gn the task of



feymulating a sonplate system of ohenical theymedynaniss of pure sudstances.
mn. Sask izvelves the determination for sach subwtance at one tesperature
o gsaw. relativh 40 the eloments that oompome i%. I$ is further
necessary 0 deternine the sairopy of the substance at ons temperature,
which can B done Wy any oms of thres methods, the measuremsnt of a
shemical oquilibriwe imvelving the substance anpiler substances of knova
Shormodynanis prepertiss, the seasuresent of the heat capacity down te
Yory lov temperatures snd the spplication of the third law of thermody-
nanice, or the calexlation of the entrepy from strustural data obtained
W spectroscepis and 4iffrastion methods. XKmowledge of the heat capacity
of he substande ever a vwide range of Semperaiures, sdiained either Wy
direct expsrimeat or B caleulstion fream knowa strustural preperties, then
parmits the extension of the tables of thermedynanis propersies over this
Jenpesratare range. V¥ s nay well expeet that at some i in the &letant
future there will be available extensive tables of the enthalpy, eatrepy,
snd free energy of thousands of subslances over wide ranges of cenditions.
There would then still remaln, however, the problem of the thermodynmmie
preperties of solutions, for which no swch simple and inclusive set of
data could be forwmlated.

It is iateresting %o note that, in a practical sense, the thind
lew of thermodynamies differs from the firet and second lawe, in that it
sannot be applied completely indepswdsntly of structural eonsiderations.
In general, thermodynamioc deductions are expecied 0 be independent of sny
structural considersations, and to be reliable, provided oaly that trve

thermodynamic equilibrium has besa approximated or achieved in the



experinent.  lavestigstisns sarried sut during She past twenty-five years,
espesially Wy Professer William F. Gisfmgy, dave shown, hewsver, that the
applieations of the \hird Maw of \hermedyasaios %0 the ealewlation of

sndrepy valuss for orystailiine sudstances Wy asasuremsnts of Mat sapasity
mée 30 lov temperatures a¥e often in practios net reliabls, unless some
strectural infermation abent ﬁu residunl satrepy in the crystals &t the
lowset temperatures at whick ssasurments are mads is availabdle. Thus simple
sadstances such as Wo.n. earbon monoxids, mitroms oxide, mad nitroges
uma_- have residual enbroples of signifisant amount, caused hy wmueh
sirustural features as a randomness of orientation of moleculos in the
oryestal latstios. It say de said, with justico, that the experimentes have
nos yot deen aarried gut Yo sufficleasly lov temperntures, er—that—wef—
tholombiy—iov—boupsrniures, or that sufficlent time has not been allowed
for \he orystals to echievs a wtate of true thermodynmamio equilidrium;
neveriheless, the praotical prodlem atill existe--the reliadle appliesiies
of She third lav of tharmedynamics requires a penetrating understanding
of the struoturs of the erystallime pubstanos under investigation,

The vesent decades have seen an sxtraordimary dsvelopasat of the
art of oryogenics, the production of lov tempsratures The ploneer work of
Dewar was sxtended VW ln*urnuh Onnes, whose feat of reaching s ‘Vempeye-
tare as low as 0.71* K. esemed for many years te de incapabdle of signifi-
oart betterment. Thea, in 192?. ¥illian ¥, Gimqu\'/mltu uﬁf@ inate
practice the astounding new method of ceeling iy domagnesization, with which
he and other investizators have bBesn adle $o reach temperatures as lov as
abeus 0.001* K.



AlShough the preduction of levw temperatures night well W
sonsidered %0 %0 & part of $he sclience of physics, the fact that this
final great ashisvemeni of reashing the temperaturs of 0.001° X. was
made by a professor of ehenistry, using a method iavented by himself, has
1od ms $0 includs mention of it in ny talk thip evening. 7The work dome
Yy Profesgor Hlaugque illustirates the fact that the borderline detween
chemietry m physics ie a 4iffioult one $0 define, as is alse the
sorderline between shomistry and Mology. ZThe logarithmic dependence of
esrtain thormodynanmis guanitities on temperature is, of coures, respensidble
for the great 4iffienlsy found in decreasing the temperature by successive
fastors of ten, and leads $o She theorea of $he imposaidlity of resshing
ths adsolute sero 1tu§f. It has recentily deen pointed out $o0 »s by

Professor Trans ﬁnf‘/ ﬂ Oxford, however, $hat we should not “‘hl thas
thore is an interesting portion of mature $0 which access is denied %o
man, nanely, the pertion of nature that dsals vith the properties of matier
at temperatures lower than $hoes that can ever de achieved in the ladormatory.
Prefessor Simon pointed oud that the only low temperature rangs that is
inncoessible $¢ man is that in which ne interesting phencmens socur, b~
esuse if any phenemens were {0 oocur, they themselves could be used as the
method of achieving the low temperature,

let us nov retura t0 the dasis of chemisiry--the atoms of the
shemical elemenbs, The last bundred yeass have seen the systematisation
of she slemenis Shrough the periocdie oystem of Mendelpyev, She assignment
of preciss atomic weights to most of the Imown elements, the discovery of
the elemsnte predicted by the wnfilled sequences in Vssdsleyev's tadle,

as woll as $he unanticipated series of noble gases, and fimally, in recent
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youra, vhe developeeni of modern aleheny, the conversion of one clement
into another, and the artificial produstiion of aew elaements. I need do
no more than to refer to Professor Lawrence's lecture this afterncon, in
waich he has deseribed the development of this most sxciiing fimld of
sclunce. lNow thai four ¢rassuraniuws elements have been reported, nep~
tunium, plutonium, sasricium, and curium, we may lock forward wiih confi~
dence %o the announcemeni thel 411l more new alements have been made, and
that pragilenl methods of mamufzcbtuce {n large quantitles of the most reye
of the lighter olemenis bave sleo been developsd. Ve may well expect
thaé in the future world mmelear ehenlstzy will be found of the greatssh
valus in many ways, not ouly 3y the protuctios of nsw eleuents and & e
uge of radioactive elements =a iracers, but also % of now
chamical reagticns thrcugh bhe wse of bombardment wilh high snergy par=
viclage.

Inorghmic chemlsiry has “een making steady progresss The ine
organic chaulel of today has a great advaniage over his [ellos of preced-
ing generations, in that he has a thorough understanding of the molacular
ghructure of most of ihe subsimnces with which he is working, snd of the
relation betwsen the phyeloal and chemical prouperiles of ths substauces
and Lhalr structurese An lilustration of the usefulnuss of slruciucal
mawlaégn/:;rwmed by the recent developesnt of sabsiances (hat are
skallae Vo arganic compounds, bat with silicon atums, which Torm the same /
tetraiwdral bondsg am earbon, in place of save or sll of Lhe carbon abomse
The Tirst subsiance of this nature #as made hall a cenbiwry ago. It nad

not bzen founl possible Lo make in large juantitles the subetance Jimcond



whioch is a very useful material besause i% is the hardest of all knowm
wabitances. HNowever, it was found possidle 40 make a new substance, with
the sans tetrahedral structure as diamond, btut with half of the carbdoa
atons replaced by silieon atome——the substence ogrboruadum, which has
now £Er nany years found extensive nee as an abragive. Thea it was found
shat other compounds of silicom oould de made, the silicones, which have,
in place of lomg chains of omrbes atoms, chains of silloon atoms (usually
witk oxygen atoms interspersed, in a sort of ether linkage), with methyl
groups or other sides chaina nm&? The silicones have many very use-
ful properties. They ocan be used as insulating lacquers, permitting
slectrical motors to Yo Yuily for eperation at mush higher temperatures
than with orgafiec insulatore; silicens rudber can be made, esepescially for
use at Righer temperaturee tm%neaa by ordimary natural rubber or

synthetic ruddber; some of the silicons olle have a very valuabls property,

that of changing theiy vigcosity only a small amount with changs in tempere-

ture--a property that seems $0 bYe due to the tendency of the molesulss to
eoil into & roughdy spherical shape at lov temperatures, and hence to rell
over one another relatively easily, wvhereas st higher temperaturss, at
which the moleoules uneoil, they bdecome sntangled with cne another, and
thus overcome in large part the normal tendeacy of a liguid 4o show a
pronocunced decrease in viscosity with increase in temperature,

The chemistry of fluorine bas mads great progress in recent
Jears. The valuable properties of nev compounds of fluerine depend cn the
volatility of fluorime compounds and thes low chemical reactivity ¢f the

oarbon~flusrine bond, Useful fluorine compounds include the freons, such
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as GPy01,, wvhich are ueed as the fluid ia refrigeratiag mechines and as
sem-toxie selveats for inssstieliden sald sdher selutes, and Yhe flmerine-
sarben high polymers, much as the extremely uwareactive phoaphis that is
fogued by the polymerination of tetmafluoresidylens.

An iateresting resent 4svelopmeat in inerganic chemistry is
shat of nov teshniques for growing large srystale for special purposes.
Duying the war it was found possille te grev large m.m.,mm mmay
pounds, of wash subetanses as sthylescdisnmontiuwn tartrate, valuablse bo-
ssues of Shelr pleseslsctrie p-npntioi. which find wee in radar snd other
fields of modern physies. In Oermany az interestiiag techunique of groving
large eryetals of aynthetie nien we developed, wvhieh depends for its
weoess OB m orisntation of she groving oerysial in a stroag magnetie

e art of erganie chenistry and ths sciense of organic ehemistry
have moved aleng steadily hand iz hand. Organie chemisis develep a feel-
fag for the shemical properiies of the many substances 9442 whioh Shey
work whioh goss far deyesd Sshe aystematised theoretical kmowledge thet
they san expresst Wt the theory ef organic chemietry has nevertheless
aow developed to sueh & siate that the science is no longer s mysterious
sae, purely ar art vhose practise depends on the spplication of empiriesl
rales. 1t is novw possidle fer the organic chenist o wae his kucwliedge
of melesular structure 3o predics, wish seme confidence, that certain

m oould s oarried out 40 preduocs predusts vith cortain deeived

propersies. One most intemesting application §f Shis new method =
orgasic chemistPy has Deen to the manufecture of high pclvmars, wkoh as
the new fidreus and plastie wudstances, vhich were gynthesised lu m»TV-w-'-‘-
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of predictions of their properties made upon the begis of conslderations
of molecular struwcture,

The methods used by the organic chemiste became more powerful
from decsds to deaade. He now has at hand techniques of very high pres-
sure hydrogenation, the use of oatalysts speoific to certain reactions,
powerful techuigques of separsiion such as shromatographic analysis and
woleoular distillation, and new physical methods for structural studies
mich Ay ¥-ray A3fTraction and speotroscopy. A very imteresting exmemle of
the interrslation detween organic chemistry and other flelds was provided
during the war by the concerted attack on the problem of the structwe of
Manun.* "he orgenic chemists who wers working on the problem found
1% impossible to determine the correct struscturse by the sonventional
methods, Deomise the molacule har some eiructwral characteristics that
have not appeared before in any imown substances, and 1% rematined for
physioal chamists and physiclets, using the technliques of x-ray diffrac-
tion and intnj'ed spevtrosoopy, to determine the structure for them.

I8 is the field of chamisiry in relation to Biology and medioine
in vhich most strfking progress has been made in recent decades, and which
olfers the most pramise for the future. 3Biologists now are beocoming chem~
fsts - they isclate vitamine, harmones, ensymes, acetyl cholins in mervous
procasses, histamine in anajhylaxis and allergic responses, plant growth
faotars, wcnré healing substances, flowering sudstamces, substmnces %o
hold the fruit on the Srees and to ripen the fruilt after it hap left ihe
trees. B0 longer 1e it poesible for a chemiet to achieve a foeling of
superiority to the dlologiet slmply Wy quoting }&Q complex chemliom) fare
mmlas - nor, indsed, for the physicist to overcome the chemist by guoting
some complex mathemstiocs.
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And in medicine, as in blology, 2 new future 1s drawing near « a

future of great progress through ever closer cooperstion with the baaloc
sciences. There has indeed beesn greal progress in medlicine durlng the past
century. In forty years the mesn expectzney of life has increcsed from 49
to 65 years, The childhood diseases - diphtheria, scarlet fever, whooping
cough - have decreased to 10 percent of their mortality in a guarter of a
century. Other infectious disesses are in the zaln well under control, by
vaccines, serums, the sulfa drugs, and now penieillin. Shakespeare mentioned

%the rotten disesses of the south, the guts-griping, rupturee, catsrrhas,

loada otgravel 1' the beck, lethargles, cold nulsies, rav eyes,

dirt-rotten livers, wheezing lungs, bladders full of imposthume,

sclaticas, lime-kilns 1' ths palm, incurable bone-ache,

and the rivelled fee-simple of the totter.®
Moat of these diseases are no longer important - there are now no serious
cases, 30 far a8 I know, of rivelled fee-simple of the tetter, tut "inecursble
bone-ache,® under which we :=ight include arthritis, is s very serious dis-
ease, of which little control has been obtained. There are still virue
diseases that are very troublesome - poliomyelitis, influenzg, the common
eold., Then there remsins the problem of the degenerative disesses - cancer,
heart disease, cerebrel dlsease, nephritls - which, as control of other
dissages is obtained, are becoaing increasingly important. To attack these

great medical vroblems new basic knowledge 1a ueeded, sbout the nere of

cells and of physiclogical processes, and about the chemotherapeutic sctionm,

ag wnll,§s the normal physiclogical action, of chemical subetisnces.
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The grextast problem that remains 1o de solved fa that of the
structural basis of the phystological aotivity of chemical substrences.
Yhen onca this probdlen hes besn solved, and vhen it haa bacome possible
to ‘atermine in Jetall the moledular struoture of the vactors of divease
zal of the constitusnts of the caells of the humen body, we shal) be adble
to drnw wo the spogificstions of the specific thersneutic agent to protect
the body against a specific danger, snd then to proceed to gmthesize the
ngznt agoording to the spseificabionss So far we have only the hint that
chamotherapautic sagenis mway act through competition with essential meta~
bolitew, as in th: oompetition, »ointed out by Woo's and l‘ilass.g of the
walfa dregse ﬁth’?;;uimbamcie aoid.

1 balieve that Shis rodlam, that 0f the nature of the competitiom
of two substances remusedly for speoific combination with some part of a
living cell, is very cloasly relatsd 4o the zeneral problam of ths nature
of the foroes that laads to the striking specificisy of properties showmn
by many bviologlcal subatences, 3specially ths native proteing and polysao~
charides. I believe that thens foraes are also operative in ths phenomencn
of self-&uplication shown by viruses, geneos, and othar diologioal entities,
and which will e distussed Wy Dr. Stanley sad Professor Baeadls in their
leotures Somorrow. I myaslf have been especially intarested in the sve~
¢ific foroees operating Vetwesn an antidody molecule and the molecnies of
antigens or haptens with which it has the power of wpecific combinatiom.
My interest in this prodblem was developed over ten ysars ago in conver-
gsations with Dr. Karl Landsteiner and the work that my collaborators aad
I have «m: has conslsted largaly in the axtension eand refinement of

investigations inisiaied by Dr. Lanisieiner.
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Pormit me to revier driefly the bagic phenomens of fxcwmochomisbry
Yhen = foreign msterial of lsrge moleculser weight - 2 protein oy polysacw
charide, sither pure or part of the structwe of an animel or plant cell -
4 injected nto an anirel, such o8 a rebbit, the soimel 4n the course of
n few days pay develop 4o ite dlood and within its cells/ substances,
colled antidodics, that have the power of eregific combination with the
injected material, the antigen. Thug vhen 2 prréicular snimal or pland
protein 1s injeoted into o rabbii, the rebbit davelops iz its bdlood anti-
Podies thet ars onpadle of soadining with that protedn, bul not, or at any
rate only very excevéionally, capable of combinming with amy of the tans of
shongandg of other rroteins that exist in maturs. Yor exsmple, an antisarum
made by injeating hesozlobin obisined from onz animal into a rabddit is able
40 comdina with Lthst form of hemoglobin, But net with hamoglobin obtained
from the red oells 0f other animale, except those of wery closely related
wpetias. The act of combination of sntibody and ite homologous antigen may
bs shown by several diffarent phanomena, such na the aggluiination of oells,
in the oase of a cellnlar antigen, the formation of a preaipitate on mixing
a solution of antigen and $ts homologous mntidedy, the allergilo respomse
of & smasitined animal en reseiving a subsequent injegtion of the antigzem,
and the lyels or other changed hshavior of cells %o vhich antibody has
atiaghed itgelf.

‘The phenomene of lommochesd stxy raise two great gquosticas, The
first 1s that as $0 the nature of the forces between antibddy and aniigea,
which leads $o the power of selective combination of smtidbody and the
hanolegons antigen and the rejection ef other moleculed, except those
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vary closely related to the homologoue nntigens. The second problen is
thai of the meshanien of the mexufacture of the sntibody, and of it
ndowsent with this powsy of specific cembination. The great versmtility
of the living orpanisms in their production of spe¢ific antibodics was
showa by the early work of landsteiner with artiﬁnini conjugnied wroveing
as mﬂsma? Iandetginer found that St was posgidle to causs mn animal o
maits antibodies with the power of speeific combination with various chem~
{cal subetances of known structure. He achieved thia by attaching thase
chemical substances $o a protein molecwule., which was then injectad i.ng A
rabbit. The rahbit, under the influsnce of the injeoted protain, produced
an aatiseyun contalning asvibodies couable iu genersl of combiming with the
partionlsr protein that was used in meking the artifisial cenjugated pro~
toln, and salso capable of cembiniag with the atiashed dhemicanl subsbtances.
For example, an antiseruws prepared by coupling diazotized me
arsonic agid with ovallnmin was found $0 form a precipisate strangly with
this partioular azoprotein, and alsé %o precipitate, in maller amounts,
ovalbwnin iteslf and aleo any asoproiein mede by coupling dismsotigsed
Peaminobensenesr sonic aaid with snobtber protein, such As sheep ssrunm ale
bunice the precipiiation by the autiserun of saah an agoprotein, 1 which
the pretein pmrt is completely different from that of the {mmunising asow
wrotein, is svidence thmt some of the antibodies in the antiserum have a
specific eambining power with the beaseesrgomic soid groupn. Ilandeseiney
and his collaborators wers able in shis way o prepare antisera containing
sntibvodies with the power of specifie combination with sooren of differend
ghamical wubstances, many of which could hardly be consicered to have any
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natwral relation to the injeoted anlumal. These resulés sbowed that the
vorsskility of the living organies in antibody pruduction is very grest,
ani made 1t probable that she sniivoedy precursor wag %o be congidered ss
2 plagtic material, able 0 be imfiuvenced Dy the lnjeckad antigen in such
A way 88 %0 ohiain directly from the sniigen itgelf the properiy ihai
leade to the power ' of specific combination with it.

jandsteiner and his collaborstors also discoversd and utilized
an important phenamsuon, that of hapten 1&13“10&6 They fownd that, for
sxample, when Debsenearsonic acid iteelf is added to an mntiserum made by
injeoting an aguprotein coultaining the pazobengensarsonic acld growp no
precipites
of the benssnearsonic acide the Lsnzensarscaoio awid is thues shown o have

oceurs, although a precipitate would be lormes in the abaence

the powar of combining with antibody homologous to this haptenieo grouping,
%0 form & soluble cooplexs Inforsetion aboul the strength of she combine
tion of the hapien and of the aniibody cau bs obtajued by seeing what con-
cantration of heptan ls noceusary Lo prevent the preaipitation of the
antiwerus with a hapten-hemologous asoprotein. lanisteiner and his colla-
borators in this weay obtaiped a greaé mmouns of gualitative information
sboui the combining powers of warious cheuicael substances with antibodies
homclogons to haptenie groups of known strusture., They found, for example,
that not only bensenearsonic agid but also various subetituted bensenear-
sonic acids have the power of cosbining with aunti-p-ascbensenearsonic asid
serwu and that the strength of ths combination depends uwpon the nature of
the group substituted in the benwene ring snd on the position in which it

Lh substituteds Thms iz general s growp substituted in the para position

between the benzenearsonic acid and the sntibvody, because on addition of an

is formed. UWevertheless, it can be deduced that combination has occurred
azoprotein containing the p-azobenzenearsonic acid group no nrecipitate
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in bensanonrsonis acid increnses ths combining power with amti-p-agobengene-~
sravnic acid serum, whereas the substitution of a gromp in the ertho or meta
poesition decreases the cmbining powsr with these matibodiog.

Ky collaboraters (Professar Dap H. Csmpbell, David Presmman, Garol
Tkedn, Mige fmws, David H. Brova, Jehn T. Naynard, Allan L Grosshers.
Stanley M. Swingls, John H. Aryden, leland H. Pence, snd Frank lanni) and 1
have gontinued and extanded this work, primnrily bW developing snd using
quantitative methods, permitting the determination of spproximate volues
for the equilibrium comstant of the reamction of coubinstion of hepten and
mtboéar? ¥e bave algo nads use of a simplification in the experimsnis, in-
volving the elimination of one protein from the precipttation test. Inas-
maoh me the structure of no yrotein is s yet yiknown, n preeipitation
reagtion involving two jroteims, the antibody and the msoprotein, le an
ewpacially eomplicated resction to stwdy, #nd the possibility of obimining
informakion about the amtibody might well becoms grester {f the other pro-
tsdn could be eliminated. Iandsteiner and van der Bcheer obseyred that
sertain simpla substances thats t(hey had preperec for use as hapten innibi-
tors themselves gave a presipitate with the hapten-homologoue antiserasna.
These wubsiances vere dyes obtained by coupling two or mere heptenie groups
together ~ an axample wonld de resorcincl with two or three asobensensar-
sonic aclé groups atieched 40 it Mamy of our hapten—iakibition sxuerimemts
have boen omrried oui with use of precipitating polyhsviemic antigens of this
Wpe, the wyatem under stody then containing only oms substarce of unimows
structure, the satidbody iiself.
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Iandstaluerts results conld ba indarpret:d In fzimg 27 owr modern
imowladge of aixalc ~al molacular shruckwrs Ho 2ormit + definits conclusiom
%9 be rasehsd ragarding the naturs af the spselfic forges hetwsen antidvody
and anlliges, amd ths atmucture 97 anbihedy asleasuls, and this goncingion
ing besn gtrengthensd by the addiiional inforzmsion given by tha sxoarimente
shnd sy collaberstors and I have ¢srried ous in E“naaflm?a. The conclusion
1a that the specificity of ‘:gt;rac%wn of sntivody and hemolopous antigen
rogulés from o datalled complewentarinegs in steucture, as waa first mg-
zasbad by Hsuraowitz amd Prsini and by Jerome Alsxander ,lind 1later amphosized
by Stuars amia. The complemantariness in ziructurs must bs much as to
pormit & largs portion of she swisee of the smatizen %o b2 brought into

Jusiaponition with a sorrsaponding portion »f the surface of the sntibody

- molscules The wonrk forcss thab operatse betwesn any =tor or mmall atomie

gromy and adjacent stoss would then eome into play betwosn sach surisce
aton of the antigen and the immediately sdjJacent stoug of Lhe antibody}
tagse wazk forcss, integrated over the Juxt=pcoe! surfscas, would produce
a ragultant forss etrong sough to l3ad to the formatlon of an effective
bond. Inasmuch »e most of the wesk forcus operabing betwaen stons nnd

1 molecules fall off very sharvly with incre-aing distance, an affec=
tive bond would be formed only if the two msleculss were in contact with
one anothar, that is, 4f the surfaces of thes asoms of antigen 2nd mntidbody
wore to be mo mare than & vary few ingstroms apart. The specificlty of the
bond foarmsd in this way would result from the detsiled complemantariness
not only in genaral surface configuration bmt algo in the positions of the
groups onpable of forming hydrogen bomds and in the positiensz of the sesitive
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and nagaiive electrical dbarges. It cam readily be seen that this meah-
anisn does provids the pessidility of very great spevificity. Thas a
sabining region with sres of perhaps 200 squars ingstroms, repressnting
a warfage of shout £ifty atome, otmld be prevented from approaching to
oontachk with the complementary region on the antibody simply by replacing a
mathyl group, say, on the antigen mwarfase, by a phenyl growp, which would
sxtend about 3 . above the former surfase, and would hence hold tha subi-
vody 3 . farther sway from the antigen, tkma reducing the farces of
attraction $0 sach an extent as no longer %o permit them to resuli in a
significant bond.

T™ha approximation of the antibody to the haptenie group of the
fmepaniging antigen must bhe very close. A siriking dit of evidence, from
anong the great smmount that axists, 1s that of the aross reastivity of two
elosely related haptenic groups, the pessincbenxolc agid group and the
Y=chlero~ J~aminobensoic W precipitates readily both with the

m-
G:ptmhgm asoprotein and with an agoprotein containing thoAamu-‘

bensois atid group, On the cther hand, the asti-m-esobensoic acid serun
precipitates readily an aseprotein agoniaining the meascbensoic seid group,
bubk does not farm s preaipitate with am asoprotein containing the Nechloro-
J~agobengoic asid group. The explanation that we propose of this wross
reactivity betwesn one mntiserum and ths substituted asoprotein Buil not

between the othar antiserus and the different azoprotoein is that the

phenawencn depends upon the fact that the chlorine atom is much larger
than the hydrogen atom that it replaces, the van der ¥sals radius of

| chlarine being about 1.8 £, and that of hydrogen only abeut 1.2 R 1z it
group, which differs from the first only in having 2~ chlorine atonm 5.3

place of the hydrogen atoms Landsteiner and his collaborators found
that anti-i=chloro=-3-aminobenzoic acid e
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is asvamed Shat the oombining region of an antibody fits tightly about
the haptenis group of the Lmmvunising astigen, the anti-li-chlaro-3-aso-
bensolo acid antibodies would contain in the appropriate place & oavity
4ato whioh a dhlorine atom oomld fit, along with the rest of the haptenic
group. This cavity, with rediue 1,8 £., would be large snough to scoept
esagily & hydrogen atom in the ungubstituled asoprotein, and the replace-
ment of chlorine by hydrogen would have no effact other thm to dearease
alightly the Lorce of atiraction Between ths hapteniv group and the sati-~
body, as a reslt of the smaller van der Yaals sttrastion of a hydrogen
atom and of a chlorine atom for surrounding atoms. On the other hand,
the cavity {n the anti-w-asobensolc acid antibody is required only to be
large encugh 10 receive a hydrogen atom with wan der ¥aals radines 1.2 £
Thers might well then be a considerable mmount of a steric strain if the
Wwo—;—uﬁmo&c acid haptenic group were to be forced into $hie
cavity in the antidody, and the steric strain might de greal encugh to
decreage the coubining power to wuch an extent that no precipitate would
be observed by the iaveatigators.

This experimentsl result indicates that the £it of antidbody to
antigen 1s, in aomwe cases at least, » very c lose one, 0 that a difference
in atcmic rading of 0.6 L 1s significant. Our quastitstive lmvestigations

= 4in Pasadens provided a large smount of evidence mubstantiating his conslu~
& sion. ' One extensive aeries of imvestigstions was wade of the combination of
antigera Bomologous to the g-bensensarsonic aeid haptenic group, the p-
agobensenearsonic acld group, and the p-aszobensenesarsonic aeid group. It
was found that in each case the substituted bensenearsonic seids with the
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sdsbituent o the same position as the ano group of the Lmwnising aso-
protoin cmsbine mare sirongly with the sntidody tham those with the mab-
stituent group in & 4ifferent position, snd the awnolusion was reashed from
the valuss of the hapien imhibition conastant that the surface configuration
of \he comdinisg regicus of the antibody molscules approximates that of the
Baptenic growp 3o within eloser than 1 &, A sistler conelusion has alse
heen yesdhod Wy & shuldy of the effect of alsatrioal dharge. The ratlo of
{uhibiting powers of two similer hapiens, one containing a positively
sharged group, M trimethylssmonius fen group, and the ether the uncharged
group with the same sise and shape, the Sertiary butyl group, with anki-~
sorum mads by injesting radbite with sheep serum with attsched p-aschengens-
trimethylamncniam ion groups, could be interpreted to show that the posisive
charge of the charged haptenic group intersots with a negative charge in
the sutidody 7 K. sway. Inaswuch a¢ the positive charge in the phenyliri-
methylasmoniuws i9n may be considered $o0 be al the cemter of the niirogen
atom, and the radfus of this fon ($he distance from the senter of the nitro-
gen atom V0 the smrface of the methyl groups) La 3.5 %, and that alsc the
sinimm distance of approsch of a negative chorge %o the surface of the
antidody mey be taken as the radius of an oxygen atom, 1.4 £.. the minterm
distance of approach of a powltive charge in the hapten and » negative
sharge in the smtibody is caloulated to be 4.9 i The fact that the value
caloulated from the hapten-tahiditicn data is omly 2.1 K. greater than
Shis again indioates that in general there is a very great complementariness
in structure and cleosaness of £it¢ of antibody and antigen.

It 4s my opintom that the general problem of the nature of speoific
blologienl foarces has thue been solved, and that with the extension of owr
kmowledge of dstalled atomic structure of proisins and other Biological
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mbstanges we may hope that this mﬂmm)mw
Melogtoni—foruns Will permit a more effsctive attack on mawy of the
problems of dlology mnd medicine.

I should like now %o discuss a closely related guastion - that of
the matwrs of ensymes and of catalysts in general: In arder to functiom,
the living cell carries out many specifioc chemical reactions that do not
Salte place when the reastants are simply mixed with ome another. Thewe

ressiions 00our in nature becauss there are present molecules of a speoific
catalyst, the enxyms appropriabe to the reaction. I believe that an ensyme
has a structure clesaly similar %o thet found for mntibodies, But with ome
lsportant difference, namely, that the surface configuration of the enxyme
is not =0 closely complementary $o 1%s specific substrate as is that of =
aatidody to its hamologous antigen, Dut is instead complementary to an
unstable molecule with only transient axistence - namely, the "activated
complex® for the resetion that is catalyszed by the enzyme. The mode of
agtlon of an ensyme would then be the following: the sazyme would show
7oy a small power of attraction for the substrate molecule or mole~
aules, which would besome attached to 4t in its active surface region.

™is subsirate moleoule, or these molacules, would then be strained by the
forces of attractiom for the ensyme, which would tend to defarm 4% into the
oonfiguration of the activated complex, far which the power of attraction
Yy the ensyme is the greatest. The sctivated camplex would then, wader
the influence of ordimary thermal agitation, sither ressgume the cenfigurs-
tion sorresponding to the resctanis, or sssums the configuration correspond-
ing to the yroducts. The assumption made sbove that the ensyme has a
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oenliguration oomplementary to the actiwvated complex, and ssgordingly
has the strongest powsr of attraction for the activated camplex, weans
that the ackivation energy for the remction 1s less in the presence of
the sngyms than in its absence, and accordingly that the reaction would
be spesded up by the onuymes Ny collsague Professor Carl Xlemann and I
ara carrying out experimentis on inhibitian of mayme activity dssignod to
test thie postulate, by the search for inhibitors $hat have a greater
power of combination with the sengyme than have the sudbstrate molacules
themsslveas Thia method of atiack should, indeed, provide us with infor-
mation sbout the naturs of the active region of the ansyme, namely, that it
iz complementary to the configuraiion of the strong inhibitors.

This ploture of the nature of snsymes may well make us optimistic
about the future of chemotherapeutics, for 1} predicta that for covery ensyme,
and in pertieulsr for the ensymes that are assential for basterial growth,
it would ba possible to find an inhiditing moleculs whioh is mors closely
smplamentary i{n structure $o the sn.yme than is the substEate L{igelf, and
vihich wonld acsordingly be an effective iohibitor. Ths pleoture even nresents
ug with ideas as to the nature of substances which would be effsetive inmki-
bitors -« nemely, that they should closely resembdls ths activated complex,
intarmediate in configuration between the rvesokanis aud the products of the
catalysed reaction. A poeeible praptical application of thie concept is
that to pemieillin and 1te destruction by the enxyme penicillinase. Some
of the organisms that resist the bacteriostatic nmotion of penicillin may
achieva their resistance through the mamufacture of peajcillinase, which
destrays the penicillin as {t approaches the organimm. If 4t ware poseible
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$o gnthesize or to obitain by the degeadation of psniocillin itself a
mihetance with molecular configuration such that it would comdine with
penicililinage mers strongly than does penicillin, and thus would inhibit
the astion of the penicillinage, this specific inmhibitor might be injected
{or sven taken by mouth) aleng with the penioillin, which might this in
this way increase its basteriostatic mction,

¥a have far lass evidence bearing in a detailed way on the vroblem
af the prodess of formation of complex biolegical meleoules than on the
problen of the natwre of specific hiological forcess Hevertheless, a
reasonable proposal ocmn be made as to the process of formation of theve
molooules, on the brsie of the information available on the nature of the
forces themselves, and the asswaption that the known laws of molecular
phyeics are applicabls to biological systems. I shall {llustrate this
e aposal w disgussing a possidle mechanien of formation of guecific anti-
vodton.” 0

‘“'-‘--ﬂ‘“‘-“’“‘*“‘““”“‘-'“”’”“-O_

* LPeuling, 7. Amer. Chem. Soc., 62, 2643 (1940).

™e proedlem that we pose is the following: how is it possidle for
a csll to mamufacture an antidedy molecule with the power of specific con-
bination with an srbitrarily chosen antigen? It might be that the differe
ence in structure of the antibody molecule and a normal molecule of Y =
globulin or an antibody melecule homologous to another antigen would result
from a difference in the ardering of the smino-agid residues in the poly-

t4 tb
pephide chains, aa was sugzested by Breinl and Haurowits and by M&.“

“--“‘“‘ﬂ’“-'ﬂ-’-‘-‘-"‘-“-“--ﬁ-”’*“"

** ¥+ Breinl and 7. Hauwrowits, IZ. phyysiol. Chem., 192, 45 (1930); S. Hudd,
Je Jremanel., 23: ’#2} (1932)1
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Nowever, a sinpler assumption is that all satidbody melecules profused MW
the stme protestive mechanisn in the cell contain ¥he ssme pelypepstide
dhaing as the normal glodulin and differ from ncrmal globulin and each
other only in the sonfigurstion of the dhain, that s, in the way the
chain 4s oofled in the melesule. It 13 munh ensier Lo devise a mechaniem
for amusing She pelypeptids chain 10 asmume the deuired ons of the alter-
antive coxfiguratisms them t0 devise a2 meshanien for producing great varl-
ations in the ordering of the smino~aoid residues. Noveover, the wisber
of configurations aocsessidle %o & pelypepiide dhain contalining a thonsamd
or more amino-asdd rogiduee i so great as %0 provide mn explanation aof the
ability of the mnimal 3o farm antibodies capable of spesific combinstion
with s vary great mmber of 4ifferant antizens. Iet us asvumes that a
pertion of a polypeptide dhain, ome ead, say, vhich would be lmvolved in
the formation of a coubiming regiom of the aniibody, is of such a nature
that 15 4s able to coil into awy ome of » large nusber of alternstive
aonfigurations, all of which have wery nenrly the same enerzetic stability,
89 that the chotlcs smong them mey be determined YW relatively small changes
in the environment, tonding to stabilige ome or snother of the configura~
tiens. In the abssmte ¢f an antigen the polypeptide ohain would fold into
the configuratien that happens to be the most stadble in the emviromment in
the cell, and would produce a moleculs of normmal VYa-globulin., In the
esence of the antigen, however, the folding of the polypeptide ohain
would take place in 8 way detepmined $0 some extent By the interaction of
the chain with the atoms in the swrface of the sntigen molecules, This
intaraction would find expression 4in the formation of that configuration
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or those configurations of ths polypeptide chaln that permit the ayastem as
a whole to heve the greatest stability. The grentest stabiliiy remlts,
of course, from the formetion of the sirvongest Dond between tha folded poly~
peptide chain and the satigen melscule. Aseardingly, we hava in thi: simple
wechanima, involving the foldlng of a polypeptide chain intc a structurs
whose maiure la determined in counsidaradble part Yy the preserce of an
antigen in the immediate neighborhood, & straightforward way of producing
an xntivody molecules with the power of specific combin-~tion with the sar-
ticular antigen preset, resuliing from a complementsriness in structure
that ia mte%icauy 2egmmed by ithe polypsptide chain that constitutes the
combining reglon of the mntidody molecula.

It 1z clear ¢hat the same mechsnle:, Whereby one molsoule prosent
1n the cell may influence the structure of snother molacule that 12 deing
formed, may be invoiced am an axplanstion of both hetero-gatalytic and auto-
catalyiic activities of biologicrl molecules in general., A gens may have
the power of cruging the synthesis of a certaln protein molecule copadle
of acting as an snayme oatalysing a particular chemicel r%ticm through
4%s possessiom of a structure essentially complemontary to that of ths
active regzion of the enxyme molecule, and which can act as a template in
the production of that enzyme moleculss The power of zelf-duplicriion of
the gone might well have s glmilar sxplanastion - in cage th& $ the gene
happans $0 be complemeniary (o liself, than it coull serve directly =e
the patiern for Steelf} or it might produce the same result, the mamu-
fagture of revlicas of itself, by working through an intermediate comple-

mantary o itself, +hich then serves as the pattern for the new gene,
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oonplementary to the intermedinste and identiocal with the original gens. How-
ever, relisble information about the dutailed asture of these fundsmental mo-
lscular processes in biolegical systems must awalt further experimenial €budy.

So far 1 bave been discussing the luast interesting aspects of the
develapmentie of choemietyy in the fuiures These lsaal intereating aspechs
are those thnt car e predicted, (hai can be foreseen on ihe basis of owr
presant Mowledge. ‘hey consist primarily of the resulss of applicaiion
g _thai have almasly beon madae The great

the present world - are the dissoverdes thas will in fact be muds as goon
a4 tas ides underlying them take shaps in the mind of some lmmgliative
sdlentists “ho is there anong us who ten ysare ago would have predlicted

woabk sie fleld of muclear siruciure and abouic snergy would develap in the
now
way ubab iv has! Yho oan say whal the great discoverics of the naxi tem

yonrs will be:

I have taliked sboui hepe for the fubwre ~ uv ihe dissovericsg thes
wot
we umﬁtcmm may not all be obviously baneficial. Lot me say, with Walt

41 know [ ma restless and malce obhers »0,
1 kmor thet my worke mre full of dangar, full of death,

For I confront peance, meturity, smd all the settled laws,
t0 unsettle theme..s

[ T the threst of what is call'd hell 1e litle or
aothing to me,

And the lure of vhat ie 6=11'd heaven f¢ little or nothing
to me}

Danr camerndol 1 confass T have wsed you omoard with me,
and #till urge you, without the least ides what 1a
ox destination,

Gr whether we shall be victorious, or utterly quell'd and

PN P N S |
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Science cannoi be stopped. Man will gather imowledge mo matter what ths
congeguences -~ and we ¢anaot predict whai they will be. Science will ge
on - whether we are pnnm:iig er%iﬂicﬂa, as I st I know thas
great, interestiing, and waluable discoveries can be and will be made, of
the sort that I have just descridbed - but I also know thati etill more
interesting discoveries will be made thai I have not the imegination to
degaribe ~ and I am awaiting them, full of curioaity and enthmueinmm ,
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